Objectives. This paper investigates the ability of grouped quantification (an expression of the same-patient processing approach, or SPP) to improve repeatability of measurements in patients with multiple SPECT studies, and evaluates its performance compared to standard quantification in a population of 100 patients undergoing rest, stress, gated rest, and gated stress SPECT MPI. All acquisitions were performed twice, back-to-back, for a total of 800 image datasets (8 per patient).
INTRODUCTION
Measurements of perfusion and function from SPECT myocardial perfusion imaging (MPI) have become a central part of the management of patients with known or suspected coronary artery disease (CAD). Repeat SPECT MPI studies are often used to assess the clinical implications of change in patient symptoms. In determining whether a true change in myocardial perfusion or function has occurred over time, it is of crucial importance to understand how much the change of the various measurements over time truly reflects a change in the patient's cardiac condition. This understanding requires assessment of the intrinsic repeatability of the measurements.
We have previously reported that when multiple image datasets for the same patient are available, one can take advantage of the fact that the imaged heart is the same, and deal with all images as a group rather than individually for the purpose of left ventricular (LV) segmentation. We have termed that approach samepatient processing, and demonstrated its ability to improve the success rate of the segmentation algorithm in a large patient population, as described in a companion paper. 1 While segmentation (LV masking) failures do occur, they are somewhat infrequent (if the acquisition has been properly performed), and generally result in major, easily detected discrepancies between the software-generated contours and the apparent location of the LV myocardium. More frequently, however, the contours automatically generated for different image datasets of the same patient look reasonable in isolation, but discrepancies can be spotted if datasets are displayed side by side-in our clinical experience, when presented with a stress/rest dataset pair, the technologist will manually adjust the software-generated contours' location at the valve plane in one of the two datasets about 20-40% of the times.
As done for segmentation, 1 treating all images associated with a patient as a group can improve the consistency of quantification. Even though the specific algorithm described in this paper and employed to improve quantification is different from the one used to improve LV segmentation, they are both expressions of the ''same-patient processing'' or ''grouped processing'' approach-one could consider the enhanced segmentation algorithm a QC tool, and the enhanced quantification algorithm an automated contour refinement tool. This grouped quantification strategy was tested on a 100-patient population with repeated, singleinjection back-to-back studies in which quantitative differences were expected to be very low, since very little time had elapsed, and no change had been introduced with regard to patient condition or imaging protocol between test and retest.
MATERIALS AND METHODS

Patient population
We investigated 99m Tc-tetrofosmin SPECT MPI studies in 100 patients who had undergone repeated, back-to-back gated stress and back-to-back gated rest acquisitions from July 2007 to March 2008 at the Nuclear Cardiology Diagnostic Imaging laboratory, University of Ottawa Heart Institute, Ottawa, Canada in a study designed to evaluate and compare the repeatability of SPECT MPI assessments using visual and standard quantitative tools. 2 While the patient population and image datasets in the current study are the same as in the previous report, 2 we now seek to evaluate the effect of grouped quantification on the repeatability of gated MPS parameter measurements, as compared to standard quantification. The study was approved by the University of Ottawa's Human Ethics Review Board, and the clinical characteristics for this patient population are summarized in Table 1 .
Image acquisition
The details of image acquisition have been previously described. 2 In brief, each study was performed with a 99m Tctetrofosmin rest/stress 1-day protocol. 3 For rest images, the injected dose of 99m Tc-tetrofosmin was, on average, 340 MBq, with a range of 301-453 MBq. For the stress images, the average injected dose was 1053 MBq, with a range of 930-1281 MBq. All subjects were imaged twice (back-to-back) at rest, 45 minutes after tetrofosmin injection, followed by backto-back imaging at stress 30-60 minutes after a second tetrofosmin injection, either during treadmill testing or dipyridamole infusion. To clarify, patients were moved in and out of the scanner at the end of the second rest acquisition (before the first stress acquisition), but were told not to move between rest studies or between stress studies, and were not repositioned. All patient studies were acquired with a 90°rotation of a dualdetector integrated SPECT/CT camera (Infinia Hawkeye 4, GE Healthcare) that used a 20% energy window centered on the 140-keV photopeak of 99m Tc and low-energy high-resolution collimators. Both rest and stress scans were obtained with 8 gated frames per cardiac cycle.
Image reconstruction
All reconstructions were performed from original raw projection data using 64 9 64 matrixes (pixel size = 6.8 9 6.8 mm) and the filtered back projection algorithm, with Butterworth filter parameters of order 10, and cutoff of 0.33 cycles/pixel, and 0.25 cycles/pixel for ungated and gated MPS images, respectively. All tomographic images were generated using Cedars-Sinai's automated reconstruction and reorientation software. 4 No attenuation correction was applied. All datasets were randomized and de-identified. All stress and rest images were used for generating the perfusion and function measurements.
Quantification (conventional vs samepatient processing)
All studies were analyzed with two quantification algorithms. Conventional analysis utilized a widely available, standard implementation of the Cedars-Sinai cardiac quantification software (Cedars Cardiac Suite 2008). 5 The new analysis-''same-patient processing''-used software that was modified to incorporate the image registration algorithm previously described. 6 In brief, as a consequence of limited resolution and variations in radiopharmaceutical uptake, LV myocardium contour definition in molecular imaging is a nondeterministic problem. This imposes a degree of uncertainty in any computed LV contours, leading to inaccuracies which are compounded when making intra-patient comparisons between acquisitions. Same-patient processing, also referred to as grouped processing, reduces these inaccuracies by first registering these images to each other, as previously described, 6 using a downhill simplex algorithm for the search of optimal translation, rotation, and scaling parameters-similar to our previous work in fitting cardiac images to templates. 7, 8 Convergence is established if the cost function decreases below a predefined threshold (0.1%) for each simplex iteration. Contours are then computed for all registered images collectively, enforcing local, scale-invariant similarity constraints on shape between contours in the absence of evidence to the contrary. This results in solutions that are more consistent across images, especially in those instances, such as the presence of perfusion defects, where the solutions necessarily have a more significant arbitrary component. No manual corrections were performed in this study, for either conventional or same-patient quantification.
LV parameters investigated in this study were ungated volume, total perfusion deficit (TPD), 9 end-diastolic volume (EDV), end-systolic volume (ESV), ejection fraction (LVEF), total motion deficit (Mo TPD), and total thickening deficit (Th TPD). As described for perfusion TPD, 9 Mo TPD was designed to combine motion abnormality extent and severity in one global parameter, which can range from 0 (normal motion) to theoretically 100%. The same is true for Th TPD, a global parameter that combines thickening extent and severity. All parameters were measured automatically using (a) standard quantification and (b) grouped quantification (same-patient processing, or SPP) in all 100 back-to-back sets of rest, stress, gated rest, and gated stress images (800 datasets in total).
The initial analysis involved computing, for every patient and for every parameter P, the quantitative value of that parameter in every pair of back-to-back studies using both the conventional and the grouped quantification approach, and averaging the computed values according to the following equations:
where Q conv and Q SPP are the quantitative measurements obtained using the conventional and the SPP approach, respectively, and P conv and P SPP represent their average over the back-to-back studies. The mean and standard deviation of P conv and P SPP across the 100 patients were then calculated for every parameter and each of the four imaging categories (rest, stress, gated rest, and gated stress), to investigate whether grouped quantification introduced systematic biases compared to the conventional approach. Additionally, the same analysis was [ 5) at rest or stress.
Finally, the agreement between quantitative measurements from repeated studies was calculated and compared, for every parameter, as a function of whether conventional or grouped processing was used. To clarify, while the analyses in the previous paragraph averaged the results from the back-toback studies and evaluated if grouped processing introduced systematic biases, the current analysis compared the results for study 1 to those for study 2, and evaluated if grouped quantification made those results more consistent compared to conventional quantification. This was done by computing, for every patient and for every parameter D, the difference between quantitative values of that parameter measured in every pair of back-to-back studies using both the conventional and the grouped quantification approach, according to the following equations:
As before, the mean (bias) and standard deviation of D conv and D SPP across the 100 patients were then calculated for every parameter and each of the four imaging categories (rest, stress, gated rest, and gated stress).
Statistical analysis
Linear regression, Pearson correlation analysis, and the Bland-Altman method were employed to determine the agreement between quantitative measurements of corresponding parameters from repeated studies. The repeatability coefficient (RC), defined as 1.96 9 standard deviation (SD) of the differences between pairs of repeated measures, was also calculated. 10 After using the Shapiro-Wilk test to verify that the differences between repeated measurements were not normally distributed, the Levene test was used to assess whether the grouped processing approach resulted in significantly lower variances for the repeated quantitative measurements, compared to conventional quantification. The non-parametric Wilcoxon signed-ranks test was used to compare the biases (average difference between repeated measurements) using conventional and SPP quantification. All statistical tests were performed in Microsoft Excel 2010 using the Real Statistics Resource Pack add-in. 11 , with a probability value \.05 considered statistically significant.
RESULTS
As Table 2 shows, the use of grouped quantification did not cause a statistically significant difference in the means and standard deviations of the quantitative measurements of any of the LV perfusion or function parameters, as far as the overall 100-patient population is concerned. This finding holds true even when one limits the analysis to patients with perfusion defects at stress (N = 27) or rest (N = 12), defined as TPD(str) [ 5 and TPD(rst) [ 5, respectively (Table 3) .
Overall, the agreement (repeatability) of quantitative measurements obtained applying the conventional algorithm to back-to-back studies was generally very good for all global parameters of perfusion and function, Table 2 . Mean and standard deviation of the quantitative values (averaged over two back-to-back studies, see Eqs. (1) and (2)) of all parameters studied, analyzed with the standard approach (P conv ) and the grouped (P SPP , same-patient processing) approach in all 100 patients Standard quantification (P conv )
Grouped quantification (P SPP ) Mean ± SD Mean ± SD 58.5 ± 9.2% 58.5 ± 9.2% Mo TPD (str) 5.9 ± 13.4% 5.9 ± 13.4% Mo TPD (rst) 6.9 ± 9.7% 5.6 ± 9.8% Th TPD (str) 2.6 ± 5.6% 2.7 ± 5.8% Th TPD (rst) 2.9 ± 4.3% 2.9 ± 4.5%
Str, stress; Rst, rest; Vol, ungated LV cavity volume; TPD, total perfusion deficit; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; Mo TPD, total motion deficit; Th TPD, total thickening deficit; P, NS for all parameters both at rest and at stress (Table 4 , left). However, use of the grouped quantification approach resulted in significantly lower differences between repeated measurements of stress ungated volumes (1.40 ± 2.76 vs 3.33 ± 5.06 mL, P \ .05), end-diastolic volumes (1.78 ± 2.78 vs 3.49 ± 5.35 mL, P \ .05), end-systolic volumes (1.17 ± 1.96 vs 2.44 ± 3.35 mL, P \ .05), and LVEFs (-0.45 ± 2.29% vs -1.16 ± 3.30%, P \ .05). Additionally, grouped quantification resulted in better repeatability (lower repeatability coefficient) for stress and rest ungated volumes (5.4 vs 9.9 and 5.2 vs 13.1, respectively), stress TPD (2.6 vs 3.6), stress and rest end-diastolic volumes (5.5 vs 10.5 and 7.2 vs 14.7, respectively), stress and rest end-systolic volumes (3.8 vs 6.6 and 5.3 vs 10.3, respectively), stress and rest LVEFs (4.5 vs 6.5 and 4.7 vs 8.2, respectively), and rest total motion deficit (5.6 vs 9.6) ( Table 4 , right). Figure 1 shows the Bland-Altman plots of the differences between repeated measurements for three representative parameters (stress ungated volumes, TPD, and LVEFs), and demonstrates that grouped quantification effectively reduces differences by compressing them in a tighter range and closer to the y = 0 line, as verified by the Levene test. Figure 2 shows the automatically generated contours for back-to-back stress and back-to-back rest images of a normal patient from this study's population, and demonstrates that same-patient processing reduces the LV cavity volumes range from 51-87 to 57-73 mL-of note, differences among volumetric values are reduced but not eliminated, since the goal of grouped quantification is to make contours more consistent, not identical. Figure 3 shows a patient for whom TPDs measured by standard quantification in the back-to-back stress studies (8% vs 3%) would be judged to be abnormal and normal, respectively, according to standard classification, 12 whereas grouped quantification (6% vs 7%) would place both in the same abnormal category.
DISCUSSION
Repeatability of SPECT MPI measurements is the critical factor in determining whether a measured change observed on serial studies represents a true change in the patient. It is a necessary factor in terms of clinical assessment of interval change and central to potential alteration of management that might occur based on the repeated examination. Indeed, serial SPECT MPI has been used in a large number of clinical trials investigating changes in myocardial ischemia following medical therapy, coronary revascularization, Table 3 . Mean and standard deviation of the quantitative values (averaged over two back-to-back studies, see Eqs. (1) and (2)) of all parameters studied, analyzed with the standard approach (P conv ) and the grouped (P SPP , same-patient processing) approach in patients with perfusion defects (defined as TPD [ 5% at rest or stress)
Standard quantification (P conv )
Grouped quantification (P SPP ) Mean ± SD Mean ± SD Str, stress; Rst, rest; Vol, ungated LV cavity volume; TPD, total perfusion deficit; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; Mo TPD, total motion deficit; Th TPD, total thickening deficit, P, NS for all parameters or investigational therapies promoting neovascularization. 13 The present study demonstrates that repeatability of measurements of myocardial perfusion and function assessed by SPECT MPI is significantly improved with the same-patient processing approach.
The conventional automated processing and quantification of nuclear cardiac images through standard software 5, 14, 15 is generally considered to have very good repeatability, as demonstrated in the left portion of Table 4 for the Cedars-Sinai standard algorithm. Other investigators employing the same algorithm have reported findings similar to those in the current study in a separate 50-patient population undergoing back-toback post-stress SPECT MPI-specifically, they found that LVEF measurements obtained using the standard version of Cedars-Sinai's quantitative cardiac software had a mean difference between EF1 and EF2 of 1.6 ± 3.85 EF units with a repeatability coefficient of 7.5 EF units, 16 a result quite comparable with what we found for EF (str) in the current study when using conventional processing (Table 4 ).
An assessment of repeatability of TPD and EF in the same population studied in this manuscript has been previously described by our group (and referred to as ''reproducibility'' in the prior manuscript). 17 Several methodological differences should be noted with regards to data processing as compared to that prior study. In the previous study, short axis gated and ungated data used for the analysis of repeatability were reconstructed on the GE workstation using GE's reconstruction and reorientation software, as typically used for clinical assessment. There was some manual operator input associated with the reorientation and zoom, and reconstructed field of view could potentially differ between the scans, resulting in some variability in measurements due to minor ''truncation'' of the left ventricle. Further, in the prior study, manual correction of contours and valve plane was used before quantification in 19% of the ungated and 21% of the gated datasets. 17 In the current study, all data were re-reconstructed and reoriented from original raw projection data using Cedars-Sinai's automated reconstruction and reorientation software, 4 in order to eliminate any potential truncation effects; also, no manual contour corrections were allowed for the reconstructed images. Therefore, unlike in the previous study, human intervention during contour adjustment could not have played a role in any of the reported repeatability results.
With respect to software and algorithms developed by other groups, 15 the repeatability of quantitative measurements of perfusion and function has been investigated and reported by Mahmarian et al as part Table 4 . Repeatability of quantitative measurements of perfusion and function parameters for repeated, back-to-back studies analyzed with the standard approach (D conv ) and the grouped (D SPP , samepatient processing) approach (see Eqs. (3) and (4) Bias = average difference between repeated measurements, Pearson's R = correlation of Q conv (study 1) and Q conv (study 2), or Q SPP (study 1) and Q SPP (study 2) Str, stress; Rst, rest; Vol, ungated LV cavity volume; TPD, total perfusion deficit; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; Mo TPD, total motion deficit; Th TPD, total thickening deficit * (RC) and # (bias) P \ .05 vs standard quantification of the ADVANCE MPI 2 trial. 18 In one arm of that study, repeated adenosine SPECT MPI acquisitions were performed within 4 weeks of each other in 260 patients who had no change in their clinical status or cardiac medications between the two acquisitions. The investigators found that the difference in serial measurements of perfusion defect size was -0.13 ± 4.16% of the LV, with a repeatability coefficient of 8.15%. With respect to global LV function, the differences between serial measurements of EF, EDV, and ESV were 0.15 ± 3.5 EF units, -1.82 ± 12.17 and -1.6 ± 7.14 mL, respectively, with corresponding repeatability coefficients of 6.86 EF units, 23.85 and 14 mL. Considering the up to 4-week interval between serial acquisitions in the ADVANCE 2 trial, as opposed to the back-to-back acquisitions without patient repositioning in the current Bland-Altman plots of the differences between quantitative measurements of LV cavity volume, total perfusion deficit, and LVEFs for repeated, back-to-back studies. Quantitative differences shown on the left were obtained using the conventional QGS/QPS algorithm, while those on the right were obtained using the new, same-patient processing (SPP) approach also referred to as grouped quantification. Units are mL for volumes, % myocardium for TPD and % for LVEF. All differences between repeated measurements (y-axes) are plotted against the mean of the repeated measurements (x-axes). Note that the top and bottom dashed lines in every graph define the area within which 95% of the differences fall, and are therefore a visual expression of the repeatability coefficient, demonstrating better repeatability for SPP.
study, we consider these slightly worse findings to be comparable to those we experienced using our own standard quantitative software (Table 4 , left). Even though the repeatability of quantitative measurements using standard software and conventional processing is generally good, improving repeatability is desirable because it will increase the ability to clinically detect significant changes in myocardial perfusion and function-for example, a decline in LVEF at stress compared to the rest LVEF that could suggest stunning, or an increase in TPD measured in serial studies that could imply disease progression. The repeatability coefficient can be viewed as a measure of the smallest amount by which two measurements must differ in order for that difference to be judged significant, and improving repeatability was the objective of the same-patient or grouped processing approach described in this manuscript. An initial implementation of grouped processing, Figure 2 . Automatically generated contours for (top to bottom) back-to-back stress and back-toback rest images of a normal patient. The image datasets were processed (left) separately, using a standard version of Cedars-Sinai's quantitative cardiac software, and (right) as a group, using a modified version of the software that allows implementation of the ''same-patient processing'' approach. Measured LV cavity volumes were (top to bottom) 63, 51, 87, and 67 mL for standard quantification and 63, 57, 73, and 66 mL for grouped quantification, demonstrating a tighter range of values with SPP.
previously reported as ''paired processing,'' had been applied to serial imaging and had been reported to result in improved repeatability of cardiac function measurements. 19 That original application was aimed at improving the consistency between pairs of repeated scans, but now the concept has been extended to a potentially unlimited number of scans belonging to the same patient.
A potential concern is that same-patient processing, while improving the consistency of measurements from studies that are not supposed to be different, may reduce our ability to detect real changes that may have occurred, for example, in patients who have suffered an infarct or undergone revascularization between serial studies. This concern is lessened by considering that the goal of grouped processing and grouped quantification is Figure 3 . Automatically generated contours for (top to bottom) back-to-back stress and back-toback rest images of a patient with mild perfusion abnormality at stress. The image datasets were processed (left) separately, using a standard version of Cedars-Sinai's quantitative cardiac software, and (right) as a group, using a modified version of the software that allows implementation of the ''same-patient processing'' approach. Measured TPDs were (top to bottom) 8%, 3%, 1%, and 1% for standard quantification and 6%, 7%, 1%, and 1% for grouped quantification-consequently, grouped quantification would correctly classify both stress studies as abnormal, while standard quantification would classify Stress 2 as normal.
not that of minimizing differences per se. 6 Indeed, as demonstrated in Figures 2 and 3 , three-dimensional contours from different studies of a same patient are not made to fit a common template, so that shape and size differences are substantially preserved. Future investigation will address validating the same-patient processing approach in a clinical population in which serial changes are known to have occurred and can be independently measured.
Although investigation of this topic was not a focus of the current study, the same-patient processing approach and grouped quantification are expected to significantly reduce the number of instances in which manual correction of software-generated contours is needed, particularly at the valve plane, where different injected doses and patient acquisition stances may produce count profiles that mislead most quantitative algorithms. Figure 4 shows one such example from our clinic (the patient was not part of the study's population), with valve plane location inconsistencies between supine and prone images substantially reduced by employing grouped processing. Automatically generated contours for (top to bottom) rest, supine stress and prone stress images belonging to back-to-back studies of the same patient processed (A) individually, using the standard Cedars-Sinai quantitative cardiac software, and (B) as a group, using a modified version of the software that allows to implement the ''same-patient processing'' approach. Of note, LV cavity volumes are (top to bottom) 73, 66, and 47 mL for standard quantification and 68, 65, and 58 mL for grouped quantification, demonstrating that the same-patient processing approach is not meant to equalize volumes regardless of image characteristics.
Reproducibility and repeatability
This paper's nomenclature for reproducibility and repeatability, with respect to nuclear cardiology studies' assessment and quantification, is different from that endorsed by the American Society for Testing and Materials (ASTM International) with respect to standard test methods. 20 While the ASTM terminology is commonly used in the medical literature, 21 including our own group, 17 the increasingly fully automated, ''pushbutton'' nature of quantitative software used in nuclear cardiology makes it virtually meaningless to evaluate the agreement between results produced by separate ''button pushes'' on the same dataset, or repeatability as defined by the ASTM. Consequently, in this and other papers, 19, [22] [23] [24] the main author has chosen to repurpose the term ''repeatability'' to emphasize that the process producing the nuclear cardiology study to be analyzed has been repeated, or in other words that there exist two (or more) such studies. The use of repeatability in this manner allows ''reproducibility'' to denote reproducing the results of the analysis (quantitative or not) of a given nuclear cardiology study by the same operator (intraobserver) or different operators (inter-observer). In this context, reproducibility is by definition perfect if the analysis is completely automated. Since repeatability and reproducibility combine to determine the precision of a measurement, one need not worry about their relative contribution, as long as they are explicitly defined.
CONCLUSION
Group processing of image datasets belonging to a patient improves the repeatability of quantitative measurements of parameters of myocardial perfusion and function derived from the patient's SPECT MPI studies. This application of the same-patient processing approach is an extension of the ''paired processing'' technique already described by our group, and can be performed in automated fashion through incorporation in the quantitative algorithm.
NEW KNOWLEDGE GAINED
The concept that quantifying different image datasets of a same patient as a group can result in better repeatability of quantification was described and tested in a large patient population with back-to-back studies (100 patients, 800 datasets). We learned that this ''samepatient processing'' approach did result in significantly lower differences between, and better repeatability of, several quantitative measurements of global LV perfusion and function, particularly in stress images. This new knowledge can easily be incorporated in existing automated image quantification algorithms.
